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ABSTRACT
Sand and gravel exist in Essex County, Ontario, as 
para-glacial deposits beneath lake clay or glacial till.
The geophysical exploration for these aggregates is be­
coming a necessity because of the high demand for them 
and of the near exhaustion of the existing supplies.
Seismic velocities and electrical resistivities of clay, 
sand and gravel were measured at 50 sites in Essex County.
The objective is to define possible relationships between 
these parameters.
Seismic velocities of gravel were not found to be 
significantly different from those of clay. Thus, the 
seismic refraction survey will not be an effective geo­
physical method in the exploration of gravel deposits in 
Essex County. Although the seismic velocities of sand 
are significantly different from those of clay, sand also 
cannot be routinely differentiated either because of the 
large dispersion in its seismic velocities.
The three sediments have significantly different 
electrical resistivities and relatively small dispersion 
in the electrical resistivities. This suggests that 
electrical resistivity survey would be an effective method in 
detecting gravel and sand deposits under the conditions 
existing in Essex County.
The combined analysis of the two methods does not 
improve the results obtained by the electrical resistivity 
me thod alone.
vi
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CHAPTER I
INTRODUCTION
Sand and gravel are important industrial resources 
produced in Ontario. They are used as aggregate in v a ­
rious types of construction together with crushed stone.
New deposits are in demand because large amounts of sand 
and gravel are used every year, and economical deposits 
are being rapidly depleted.
In Essex County sand and gravel deposits are located 
mainly near Leamington. They are associated with the 
Essex moraine which was deposited during the retreat of 
the ice which covered the area in the Pleistocene Epoch. The 
sand and gravel are deposited on the sides and shoulders 
of the moraine by the lakes which covered Essex County 
after the retreat of the ice. These lakes also left shal­
low lacustrine clay overlying the sand and gravel deposits.
Generally the different elastic and electrical pro­
perties of clays, sands and gravels may be used to differ­
entiate between these sediments. The objective of this 
study is to look for possible contrasts in seismic veloci­
ties and electrical resistivities between the clays, sands 
and gravels in Essex County. If favourable contrasts do 
exist they might be used in geophysical exploration for 
new sand and gravel deposits.
Seismic velocities and electrical resistivities were 
measured at 50 sites in Essex County over a wide range of
1
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physical conditions of the specific sediment. Various 
statistical and regression computer programs were used 
in the search of possible relationships between the type 
of sediment' and its seismic velocity and electrical re­
sistivity.
1.1 Aim of the thesis
It is generally believed that the seismic velocities 
of clays are higher than the seismic velocities of sands 
and gravels. It is also believed, and justified from 
theory and experience, that the electrical properties of 
the minerals forming clays are significantly different 
than those of the minerals forming sands and gravels. 
However unexpected changes in composition or compaction 
might produce unexpected geophysical properties in a par­
ticular sediment.
When sand gravel deposits exist in Essex County, 
they usually occur beneath 1 to 3m of clay and overlie 
older till. The seismic velocities and the electrical 
resistivities of sands, gravels and clays were measured 
in this study to see whether or not they can be used to 
differentiate the above sediments.
Because the seismic velocities of the overlying 
clays are usually greater than those of sand and/or 
gravel, the latter constitutes a hidden layer using the 
seismic refraction method. For a given sequence of 
layers, a hidden layer (or low-speed layer (Dobrin, 19 76)
2
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or hidden-zone (Telford, 1977)) is defined as one that has 
a lower seismic velocity than the one above it. Such a 
bed in the sequence "will not be detectable by refraction 
shooting at all" (Dobrin, 19 76). This is a different si­
tuation from a "blind zone" where the second layer also 
does not appear on the seismic record. A blind zone is 
a layer which is very thin and, although it has greater 
seismic velocity than the one above it, it is not detec­
table because other seismic events such as refracted waves 
from deeper layer interfaces mask the refracted waves from 
the "blind zone". This distinction between a "hidden 
layer" and a "blind zone" is necessary because some writers 
(Green, 1962 ; Griffiths, 1975 ; Hawkins, 1960 ; Morgan, 
1966 ; Soske, 1959 ) interchange their definition.
When the seismic refraction method is used, sand or 
gravel hidden layers do not appear on the time-distance 
seismic record. The theoretical explanation will be given 
in chapter 3.1.
When the seismic reflection method is used only the 
lower interface of sand and gravel layer may give a re­
flection on the seismic record. When there is little or 
ho impedance contrast between two layers, then very little 
or no reflected energy will return from the lower inter­
face.
In general sands and gravels are poor electrical con­
ductors because they are usually high in quartz content
3
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and lack soluble salts. Clays on the other hand are much 
better electrical conductors because they usually contain 
abundant soluble salts. Thus conductivity, or its recip­
rocal resistivity, can also be used to differentiate sands 
and gravels from clays.
Fifty sites were selected (Fig. 1, la, lb) at which 
seismic velocities and electrical resistivities were mea­
sured. A representative sample was also taken to be used 
for grain size analysis. The selected sites exhibited a 
wide range of physical conditions from "moist" to "dry" 
conditions. Such conditions were chosen to give a char­
acteristic representation of the sediment response to 
seismic velocities and electrical resistivities as they 
might be encountered in the geophysical exploration for 
sand and gravel deposits.
The seismic velocities, electrical resistivities and 
grain size results were subjected to various statistical 
tests in an attempt to define any existing quantitative 
relationships.
1.2 Demand for sand and gravel deposits
The construction and paving industries are the prin­
cipal consumers of sand and gravel. They require increas­
ing tonnages of these two types of mineral aggregate each 
year for various types of construction in Ontario as shown 
in Fig. 2. Typical uses include portland-concrete aggre­
gate, paving, highways, dams, airport runways, piers,
Ur
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house foundations, buildings and sewers. In the years 
1974-1977, for example, sand and gravel rank second after 
cement among Ontario industrial mineral products (Table 1). 
70.3x106 tons of sand and gravel were produced in Ontario 
with a value of 112x106 dollars. Thus they are of great 
economic importance. Demand for sand and gravel is ex­
pected to increase annually with a 55% increase pro­
jected by the year 2000 (Proctor and Redfern Ltd, 1975).
The production statistics represent an over-all pic­
ture for Ontario. However the distribution of sand and 
gravel deposits is not uniform. In most counties the sup­
ply is less than the demand. Thus sand and gravel is moved 
from one county to another or even imported from the United 
States of America. In either case their cost to the con­
sumer increases.
For Essex County the total possible reserves for sand 
and gravel were estimated at only 253.3x106 tons in 1975 
(Proctor and Redfern Ltd., 19 75). Most of these reserves 
are in ths southeast corner of the county near Leamington. 
Hence sand and gravel must be trucked about 50km to Windsor 
which is the most significant market in the county. Alter­
natively Windsor consumers use crushed aggregate from 
quarries around Amherstburg which are about 20km away. 
Aggregate reserves stood at about 3,058x106 tons in 1975. 
Finally sand and gravel or aggregate may be imported into 
Windsor from the United States of America. In 1975, for
8
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R.B.=Residential Building.
N .R .B .=Non-residential Building.
R.E.=Road Engineering.
K.R.E.=Non-road Engineering.
Fig. 2. Kineral aggregate utilization pattern for 
Ontario’s 1971 total of 77,631,000 tons after 
Proctor and Redfern Ltd (1975)*
Year Tons $ Value
1974 79,712,838 85,104,576
1975 69,705,434 95,578,927
1976 68,802,045 106,093,326
1977 • 70,306,817 112,400,000
Table 1. Tonnage and $ Value of sand and gravel 
produced in Ontario.
9
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example, about 493,000 tons were imported with a value of 
$1.80 to $2.50 per ton. This compares to $0.73 per ton 
at the source near Leamington and Amherstburg.
Although the importance of discovering new deposits 
in Ontario is not questioned, "no individual deposit is 
necessarily mined just because it exists" (Ontario Dept, 
of Mines, 1975). Sterilization of large deposits has re­
sulted because of zoning restrictions in urban areas or 
of development of the land for other purposes. The en­
vironmental costs must be traded off against the cost of 
moving sand and gravel especially by trucks. Trucking 
costs were at about $0.12/ton mile in Ontario in 1975 
(Ontario Dept, of Mines, 1975).
1.3 Geology
1.3.i Bedrock in Essex County
The basement in Essex County is composed of Precambrian 
rocks of the Grenville geologic province. Overlying the 
basement are four flat lying Paleozoic Devonian formations: 
1) the Detroit River formation composed of brown to buff 
limestone, dolomite and sandstone; 2) the Columbus forma­
tion composed of grey to buff sandy limestone and dolomite; 
3) the Delaware formation composed of brown to buff lime­
stone with some chert; and 4) the Hamilton formation com­
posed of grey shale and argillaceous limestone (Geological 
Survey of Canada, 1958). These sediments are covered by 
about 30m of Quaternary drift except near Amherstburg
10
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where the Devonian sediments come to the surface.
1.3.ii, Glacial Geology of Southwestern Ontario-Essex 
County
All of the known sand and gravel deposits in south- 
western Ontario are associated with the Pleistocene Epoch. 
During this epoch large ice-sheets advanced and retreated 
over the area several times. The main sources for sand 
and gravel deposits are the resulting moraines and eskers 
although some spillways and kames have also produced quite 
large deposits.
The glacial history and deposits of southwestern 
Ontario have been described in detail by Chapman (1969), 
Hewitt (1963) and Taylor (1913). A summary of the events 
affecting the formation of these sand and gravel deposits 
follows.
There were four major cold glacial stages in the 
Pleistocene Epoch during which the ice advanced (Hewitt,
19 63). The intervals between the ice advances were char­
acterized by interglacial stages that were as warm or 
even warmer than the present climate. These subdivisions 
of the Quaternary ice age are shown in Table 2. Economic 
pre-VJisconsinan sand and gravel deposits are very rare in 
Ontario and "they can be disregarded when describing the 
surface features" (Chapman, 1969) .
C 1* dating studies on plant remains (Goldthwait,
1973) have established that the Wisconsin ice-sheet had
11
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p e r i o d  e p o c h INTERGLACIAL STAGESGLACIAL STAGES
HOLO-
CENE Recent
VJisconsinan
Sangamonian
Illinoian
Yarmouthian
Kansan
Aftonian
Nebraskan
Table 2. Subdivisions of the Quaternary ice age in 
southwestern Ontario.
12
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covered all of southern Ontario by 20,000 years ago. This 
area remained under the ice until about 14,000 years ago. 
With the subsequent retreat of the ice, large meltwater 
streams left sand and gravel in deposits such as the 
Waterloo kame accumulation and the Orangeville moraine. The 
ice melted progressively to the north.
One of the recessional moraines left during the re­
treat was Essex moraine. This moraine was first described 
by Taylor (1913) as "extending from Detroit southwestward 
through Essex tc the high knoll west of Leamington, and 
being a low broad ridge of till, very smooth and with such 
gentle slopes as to be quite inconspicuous to the eye as a 
ridge”.
By about 13,000 years ago Lake Whittlesey covered all 
of southwestern Ontario (Fig. 3). This lake left a pro­
minent shoreline in southwestern Ontario which is preserved 
as beach deposits lagging around the Essex moraine. These 
deposits have been sources for sand and gravel such as the 
Erie Sand and Gravel deposit (e.g. sites 1, 11, 12, 13, 14, 
16 in Fig. lb). Most of Essex County was under water during 
the life of this lake.
The next prominent lake was Lake Warren which also 
covered most of southwestern Ontario (Fig. 4). It also 
left sand and gravel beach deposits on the shoulders of 
the Essex moraine such as the deposit operated by Kennette 
Co. lot 1 concession IV, Mersea township, Essex (e.g.
13
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Pig. 3. Ice-front position at the time of s 
A) Lake Whittlesey and B) Lake Warren; 
after Hewitt (1963 ) •
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sites 2, 24, 25, 32)<>
Leverett and Taylor (1915) have recognized one more 
successor lake in the County, namely Lake Grassmere, at 
about 15m lower altitude. They consider the gravel bar 
on the crest of the moraine to be "a Grassmere storm 
beach".
All of these lakes left beach deposits around the 
sides and the shoulders of the Essex moraine. Thus the 
moraine is bounded by sand and gravel except at its high­
est point just north of Ruthven where it is composed en­
tirely of till.
The Essex till plain (Chapman, 1969) was deposited 
under the ice. Lake Whittlesey and Lake Warren failed 
to leave any deep stratified beds on the till plain 
(Chapman, 1969). The plain was smoothed by shallow de­
posits of lacustrine clay from the lakes which settled 
in the depressions while the knolls were being lowered 
by wave action.
15
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CHAPTER II
GRAIN SIZE ANALYSIS
At each site a 2 to 3kg sample was taken at a depth 
of about 0.4m below the surface. A representative sub­
sample of 600-700g was then split from it using the quar­
tering method. This subsample was used for the grain 
size analysis. The cumulative percentage of gravel, sand 
and clay were then calculated.
The Wentworth classification was used to define the 
Percentage of sand, gravel and clay contained in the sam­
ples because it is "the classification commonly accepted 
by geologists" (Bates, 1969). Thus the dividing line be­
tween sand and gravel was set at the 2mm diameter sieve 
size and between sand and clay at the 0.074mm diameter 
sieve size, i.e. #10 and #200 in the U.S. Sieve series 
respectively. It must be noted though that different 
limiting diameters are often assigned to sand and gravel 
by highway departments, engineering organizations and va­
rious other government agencies.
The first 32 samples of Table 3 contain less than 1% 
silt or clay and so were divided into two groups. The 
GRAVEL group includes samples with >50% of the particles 
°f £2mm size while the SAND group includes samples with 
>50% of the particles between 2mm and 0.074 mm in size.
In Table 3 the numerical values of the "% gravel" and "% 
sand" have been rounded off to the closest integer ex-
16
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eluding the <1 % clay.
The remaining 18 samples consist of silt and clay with 
>50% of the particles finer than 0.074mm. These samples 
form the CLAY group. The field term CLAY is used for 
the silt and clay fraction that overlies the sand and 
gravel deposits in Essex County. The exact percentages 
of silt (between 0.074mm to 0.005mm) and clay (less than
0.005 mm) varies from.60-100% with sand constituting the re­
maining 40-0%. The clay fraction of similar deposits in 
the Windsor area varies from 20-80% with an average value 
of about 40% (Wilkinson, 1978).
The results of the grain size analyses are shown in 
weight percentages on Table 3. Fig. 4 shows a graphical 
^presentation of particle size plotted against cumulative 
Percentage for five typical samples.
17
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g r a v e L S A N D C L A Y
Site erf
7° % Site % % Site cf7°
# gravel sand 7? sand gravel // clay sand
1 52 48 16 99 1 33 85 15
2 62 38 17 78 22 ' 3^ 78 22
3 60 40 18 82 18 35 68 32
4 52 48 19 98 2 36 66 34
5 56 44 20 98 2 37 68 32
6 56 44 21 99 ' 1 38 68 32
7 56 44 22 70 30 39 79 21
8 56 44 23 88 12 40 84 16
9 52 48 24 97 3 4l 62 38
10 50 50 25 84 16 42 61 39
11 52 48 26 68 32 43 66 34
12 66 3^ 27 82 18 44 61 39
13 70 30 28 99 1 45 73 27
14 68 32 29 97 3 46 75 25
15 62 38 30 95 5 47 90 10
31 99 1 48 92 8
•
32 95 5 49 79 21
50 .. 6 2 _______ 37
Table 3. Grain-size analyses for samples from 5° sites in Essex
County.
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Fig. k. Particle size against cumulative percentage for five samples.
CHAPTER III
SEISMIC REFRACTION METHOD
3.1 Theory
The seismic refraction method of prospecting gener­
ally uses waves generated at surface although subsurface 
sources may be used in some oil exploration or submarine 
studies. These waves are produced by various methods 
ranging from a simple sledge hammer to powerful explosives.
In this study the energy source was a sledge hammer 
striking a metallic plate on surface.
First consider the case where the subsurface con­
sists of two media with uniform elastic properties and 
separated by a horizontal interface at depth Z (Fig. 5).
Let the velocity of the longitudinal seismic wave be Vi 
in the upper layer and V 2 in the lower layer with V 2 >Vi. 
Suppose that a seismic wave is generated at point A on 
the surface. This wave radiates out from point A in all 
directions as an expanding hemispherical front in the 
homogenous, upper layer. Once the radius of the front 
becomes relatively large then the front can be treated 
as a plane. Lines perpendicular to the wave front re­
present the direction of propagation and are called 
"paths" or "rays". In Fig. 5 fronts are represented by 
these "rays".
When the seismic wave generated at A reaches the 
interface at point Bi with an incident angle (i), some
20
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Fig. 5 * Ray paths of least time for two layers 
separated by a horizontal interface at depth Z.
The remaining symbols are given in the text.
1
T
slope=l/v
T1
X Xc
Fig. 6. Time-distance curve for two layers separated
a horizontal interface at depth Z . T is the arrival
time of the first energy pulse of a wavefront at distance
X from the source. The remaining symbols are given in the 
text.
21
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°f its energy is reflected back to surface. The rest of 
its energy refracted into the lower medium at an angle 
(r^) which satisfies Snell's law:
Sln(1) = (3.1)
sinfr"') V 2
in the special case where r'' = 90° equation (1) gives
ic = sin (Vi/V2) (3.2)
This angle (i ) is called the critical angle. At i the c c
incident wave is refracted along the interface and travels 
in the lower layer at a velocity V 2. At any point C the 
wave is subjected to Huygen's principle and is refracted 
back upwards into the upper layer. According to Huygen's 
Principle every point on a wave front is the source of a 
new wave that also travels out from the point in spherical 
shells. Consequently all points on the interface are 
sources of new waves, and some of their energy travels to­
wards the surface. The energy leaving C at the angle iC*
ls then detected first at point D.
At any point on surface between A and D the wave 
travelling directly through the first layer will arrive 
first at a detector. This happens because the path AD is 
sufficiently shorter than ABCD to compensate for the lower 
velocity. At point D the travel times of both direct 
wave travelling through the upper layer and the refracted 
wave travelling along the path ABCD are equal. Beyond
22
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point D the refracted wave travels faster and arrives
first at the detector. The distance AD is called the
critical distance (X ).c
Pig. 6 is an illustration of the time-distance curve 
for the case of a detector moved out to well beyond Point 
D. The slopes of the two linear segments are equal to 
the inverse of the layer velocities, i.e. 1/Vi and I/V2 . 
The intercept time (T^) is where the 1/V2 segment projects 
to the time axis.
When Vi>V2, then from equation (3.1) r<i so that it 
is impossible to refract a wave along the interface. In 
this case all energy is refracted into second layer at a 
steeper angle than the incident angle. Thus that inter­
face does not show on the time-distance curve. This is 
the hidden layer case which obviously cannot be solved 
using the refraction method alone.
3.2 Field Work
3.2.i Instruments Used
Two instruments were used in the course of collecting 
the field data. The Soiltest R-117B Seismic Timer is a 
small, portable, self-powered instrument. It records only 
the time required by the first pulse of energy to travel 
from the shot point to the single geophone. The Huntec 
FS-3 Seismograph, (Appendix VI), is also a portable and 
self-powered instrument. It records automatically on a 
special paper (Fig. 7) not only the first arrivals but
23
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also any subsequent arrivals that come to its two geo- 
phones, thereby yielding more information about the sub­
surface condition. A special correlator admits to the 
recorder only those events which are coincident in both 
Seophones to decrease spurious "noise" events.
The source of energy for both instruments is a 
sledge hammer striking a metallic plate.
3.2.ii Field Work
Sites were selected such that the seismic velocities 
could be correlated to specific sediment type and to re­
present wide range of physical conditions (i.e. dry and 
Wet samples). Clay seismic velocities were measured near 
construction sites or ditches. Sand and/or gravel seismic 
Velocities were measured near "faces" of sand-gravel pits. 
The gravel sites were usually above water level. Some 
sand sites were on the beach. Their seismic velocities 
refer to water saturated beach sands (i.e. sites 17, 20, 
2 2, 23).
When the R-117B Timer was used, the geophone was
Placed on the survey line. When the FS-3 Seismograph was
used, the two geophones were placed symmetrically about
the survey line. Both instruments are shown in Appendix 
VII.
The starting distance X was 0.6m (2 ft.). It was in­
creased by increments of 0.6m up to 5m. Distances up to 
1 0 m were occasionally used.
25
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3.3 Data-Statistics
The seismic velocities of the three groups (Table 4) 
were analyzed statistically using the BMDP3D computer pro­
gram (Pu and Douglas, 1977). It provides mean and deviation 
statistics (Table 5) as well as group correlation statistics 
(Table 6 ). The group correlations are made by using the 
"Student's t-test" which provides the t-statistic, and the 
variance test which provides the F-statistic. The t-sta- 
tistic tests the null hypothesis that the means of two 
groups are equal. In contrast to conventional t-tests 
(Kennedy, 19 64) the assumption made here is that the 
variances of the two groups are not equal. In addition, 
the degrees of freedom can be non-integer numbers 
(Armitage, 1971). The F-statistic tests the null hypo­
thesis that the variances of two groups are equal. The 
histograms for the seismic velocities of the three groups 
are shown in Fig. 8 . Although the distributions of the 
seismic velocities depart from a normal distribution the 
t-test can be applied for the comparison of the three 
groups because for all but small samples "the p-values for 
the t-test are not greatly affected by moderate departures 
from normality" (Armitage, 1971).
Three possible pairs were compared in this study, 
namely GRAVEL versus SAND, GRAVEL versus CLAY and SAND 
versus CLAY. The following conclusions can be drawn 
based on the computed statistics.
26
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Fig. 8. Frequency distribution of the seismic velocities in the three groups GRAVEL, 
SAND and CLAY.
1. The SAND group of samples shows the highest mean 
Velocity but it also has the highest standard deviation.
2. There is a very small difference between the mean
velocities of the GRAVEL and CLAY groups. The interesting
Point is that, statistically, the GRAVEL velocities are 
slightly higher than the CLAY velocities.
3. The t-statistic for the GRAVEL-SAND pair is -1.9 8 . 
F°r 16.4 degrees of freedom, the corresponding significance 
level is 0.065 or 6.5%. Therefore the hypothesis that the 
mean velocities of the GRAVEL and SAND groups are equal is 
rejected at the 9 3.5% confidence level. Thus the seismic 
Velocities of the SAND group are statistically different
from those of the GRAVEL group.
4. The t-statistic for the GRAVEL-CLAY pair is 0.62. 
por 23.8 degrees of freedom the corresponding significance 
level is 0.542 or 54.2%. This means that we can reject 
fhe hypothesis that the mean velocity of the two groups 
are equal at the 45.8% confidence level and accept that 
fheir mean velocities are the same at the 54.2% confidence 
level. Therefore the seismic velocities of the GRAVEL 
group are not significantly different from those of the 
CLAY group.
5. The t-statistic for the SAND-CLAY pair is 2.1.
For 18 degrees of freedom the corresponding significance 
level is 0.051 or 5.1%. This, again suggests that the 
mean velocities of the SAND and CLAY groups are statisti-
28
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cally different at the 9 4.9% confidence level.
6 . The F-statistic gives similar results to those 
from the T-test i.e. the CLAY and GRAVEL groups are simi­
lar in that they have relatively small standard devia­
tions whereas the SAND group differs from them in that it 
has a relatively large standard deviation.
In summary the GRAVEL and SAND pair and the SAND and 
CLAY pair have seismic velocities significantly different 
while the GRAVEL and CLAY pair does not.
The exploration meaning of these statistical results 
will be discussed in Chapter 5.
29
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GRAVEL SAND CLAY
Site Velocity Site Velocity Site Velocity
# (m/sec) # (m/sec) # (m/sec)
1 365.8 16 1764.5 33 277.1
2 34-3.2 17 2133.6 34- 641.6
3 312.4 18 391.7 35 234 0 4
4 281.3 19 853.4- 36 268.2
5 4-35.2 20 365.8 37 329.9
6 34-8.1 21 320.6 38 218.8
7 4-57.2 22 14-63.0 39 328.0
8 4-87.7 23 54-8.6 40 228.9
9 4-35-2 24- 381.0 41 391.4
10 4-26.7 25 369.4- 42 304.8
11 335.3 26 270.7 4-3 484.3
12 370.0 27 304.8 44 522.4
13 4-74-.0 28 217.6 45 406.3
14- 4-06.3 29 731.5 46 735.5
15 365.8 30 426.7 4-7 232.2
31 304.8 48 361.8
32 461.8 49 341.4
• 50 290.2
Table 4-. Seismic velocities for GRAVEI1, SAND and CLAY in
Essex C ounty. -
30
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Velocity in m/sec.
GRAVEL SAND CLAY
•
J'-LAN 389.6 665.3 366.2
STANDARD DEVIATION 61.6 571.2 14-5.4-
^tanDARD error 16.2 138 ;5 34-.3
fr'-AxiLUK 4-87.2 2133-6 735-5
k'lNlNUjy! 281.3 217.6 218.8
Table 5 . Mean and deviation statistics for velocity for the 
GRAVEL, SAND and CLAY groups.
GRAVEL v s  SAND GRAVEL vs CLAY SAND vs CLAY
T
-1 • 98 0.62 2.1
P »
O .065 0.54-2 0.051
d .f . 16.A 23.8 18.0
F
85.92 5.57 15*4-2
P
O .000 0.062 0.000
8.F. 16 , 14. 17 , 14- 16 , 17
kle 6. Group correlation statistics for velocity.! is the 
eParate statistic.P is the two-tail significance level.D.F. 
the degrees of freedom and F is the F-statistic.
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CH APTER  I V
ELECTRICAL RESISTIVITY METHOD
4•1 Introduction
Electrical prospecting uses measurements of the elec­
trical properties of rocks to study the structure and com­
position of those layers which are sufficiently shallow to 
ke exploited by man. Electrical prospecting was used as 
early as 1720 by Gray-Wheeler (Jakosky, 1955). It makes 
use of three fundamental properties of rocks: i) the re­
sistivity, ii) the electrochemical activity with respect 
to electrolytes in the ground, and iii) the dielectric
constant.
Electrical resistivity measurements were used in this 
study. The theory and results are presented in this
chapter.
4*2 Previous Work
The electrical resistivity method has been used suc­
cessfully in delineating sand and gravel deposits in the 
past because they have very different resistivities than 
clays, it works because "mostburied gravel and sands are 
covered and surrounded by clay, ground moraine and flood 
silt" (Kurtenacker, 19 34).
Kurtenacker (1934) has described briefly the use of 
the resistivity method for reconnaissance and detailed 
quarry surveys. In a more detailed paper, Moore (1944)
.32
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described the application of the resistivity method to 
the location of sand and gravel deposits. He found that 
a very satisfactory correlation existed when the resis­
tivity results were compared with the test-boring re­
sults. He also emphasized that these good results were 
obtained more quickly and cheaply than by drilling.
An empirical method for interpreting electrical 
r®sistivity data collected over a gravel deposit was 
^escribed by Jacobson (1955). He produced an isopach 
map of overburden based on the resistivity data and com­
pared it to a map produced from drilling results. He 
found that the two maps showed a high degree of correla­
tion and that a mathematical relation could be established 
^elating the apparent resistivity to the overburden thick­
ness .
Other authors have also reported case histories of 
several prospects where the electrical resistivity method 
was successfully used (Johnson, .1959 ; Wilcox, 1944 ? 
Moore, 1945 ; Moore, 1950'). The common conclusion is 
that the much less conductive sand and gravel deposits 
can be outlined accurately beneath clay when the resisti­
vity method is used.
 ^• 3 Theory
4*3.i Resistivity concept
The electrical resistivity (p) of any material is 
defined as the resistance between opposite faces of a
33
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cylinder of unit length (1 ) having a cross-section of 
unit area (S). The resistivity is expressed by the 
formula:
p = (4.3.1)
1
where R is the resistance of this cylinder.
Depending on the units of S, 1, and R it follows 
■that the resistivity units will be in ohm-m, ohm-ft, or 
ohm-cm with ohm-m being the most common measure.
Let us now consider the case of a thick homogenous 
layer with resistivity p. The resistivity of this layer 
1 8  measured by feeding a current I into the ground, 
through two current electrodes (Ci and C 2 ) and measuring 
the potential between two points using two potential 
electrodes (Pi and P 2 ) (Fig. 9). The geometric arrange­
ment in which the four (or sometimes more) electrodes are 
Put into the ground is referred to as "electrode configu­
ration" or "spread".
It can be shown (see Appendix IV) that the potential 
V at any point P some distance a from a point current 
source is given the formula:
IP
V = — =--- (4.3.2)
2irct
The potentials at Pi due to Ci and C 2 (Fig. 9) are cal­
culated and added together to find the total potential, 
same procedure is applied to P 2 . By subtracting the
. 3^
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c2
Fig. 9 . A generalized electrode configuration,
survey
line
« r^ »
M 2 2
Pig. 10. Electrode arrangement using the Wenner method,
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two potentials we obtain the desired potential difference, 
taking into account the fact that the current at C2 has a 
negative sign. The general form of this potential dif­
ference is
v = TP F(r"s) (4.3.3)
2tt
where F(r"s) is the "Roman's form factor". It is a simple 
function of the interelectrode distances:
F(r"s) = ( — ------—  ) - ( — ------—  )
r 2 r 3 n
Solving the equation (4.3.3) for p we get:
p =  ^ 1 (4.3.4)
I F(r's)
4.3.ii Concept of apparent resistivity
In the proceeding theory (4.3.i) the solid under con­
sideration was assumed to be homogenous and isotropic. In 
this case the resistivity calculated from equation (4.3.4) 
will be constant for any current and any electrode arrange­
ment. However, when dealing with inhomogenous material the 
ratio (V/I)/F(r^s) will change resulting in different values 
for p for each electrode spacing. Thus the measured quan­
tity is the "apparent resistivity"( p ) . The measured re-
Ur
sistivity does not represent the true resistivity of the 
material but rather it is a function of the region where 
measurements are taken as well as a function of the elec-
36
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trode configuration employed. This measured resistivity 
will either rise above or fall below the true resistivity 
of the particular material due to anomalous "pseudofocussing 
effects within the material. It is not an average value? 
it is a diagnostic value and it equals the true resistivity 
only if the material is homogenous.
4.4 Field work
4.4.i Electrode Configuration
The Wenner configuration was used in collecting the 
field data. At each of the 50 sites all four electrodes 
are spread out on the survey line (Fig. 10). The outer 
electrodes are the current electrodes Ci and C 2 . The 
inner potential electrodes Pi and P 2 are used to measure 
the potential drop between them. M is the midpoint be­
tween Pi and P 2 . All four electrodes are moved out sym­
metrically about this midpoint. The interelectrode dis­
tances C 1P 1 , P 1P 2 and P 2C 2 are kept equal always, and are 
designated by "a". The values of a were 1.52, 0.914,
0.762, 0.609, 0.304 and 0.15m. They correspond to 5.0,
3.0, 2.5, 2.0, 1.5, 1.0 and 0.5 ft. Equation (4.3.4) 
solved for the Wenner configuration gives:
= 2ttcxV (4.4.1)
“ I
The apparent resistivities were calculated from the 
measured I and V using this equation.
37
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4.4.ii Instrument used
The R-50 Stratameter (Appendix VI) was used to collect 
the field data. It is a direct current device and consists 
of two units: the power or transmitting unit, and the
measuring or receiving unit. It is a self powered instru­
ment that can be recharged. An auxilliary voltmeter (type: 
Avometer EA-113) was used for voltage readings exceeding 
the range of the receiving unit.
4.4.iii Galvanic Voltage Adjustments
Galvanic voltage is the voltage shown on the receiver 
unit from natural electric currents in the ground. It must 
be measured before any current is fed into the ground.
When the R-50 was used the galvanic voltage was auto­
matically "zeroed out". When the auxiliary voltmeter was 
used, a positive or negative correction was added to the 
measured value.
4.5 Interpretation of the Apparent Resistivity Results 
For each site and for every electrode separation a, 
an apparent resistivity was calculated using equation 
(4.4.1). All the results are listed in Appendix III.
The interpretation of the results is based on the 
curve matching method. A field curve was constructed by 
joining all the field data for a particular site and by 
comparing with a set of theoretical master curves.
The master curves are constructed as follows
38
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Telford at aJL. (197G) show that the equation relating the 
apparent resistivity Pa and the true resistivity Pi for 
the Wenner configuration has the form:
P„ = Pi(1+4D ) ct w (4.5.1)
where
CO
1 1
{l+(2mz/a)2} {4+(2mz/a) -2 },
where
P 2 P 1
k
P2+P 1
and 00
The master curves can now be prepared with dimensionless 
coordinates by dividing p by pi. The ratios p /pi are
OC CL
plotted against a/z on a double logarithmic paper. This 
makes the size and shape of the curves independent of the 
measurement units. Such a set of master curves includes 
the standard collection of two-layer curves for pi>p2and 
for p2 >Pi. The three- (and sometimes four-) layer curves 
cover a wide range of resistivity and layer thickness 
values. The three-layer master curves can be grouped 
into four types, as illustrated in Fig. 11. The four- 
layer curves can be grouped into eight types identified 
by a combination of the three-layer designations. For 
example, a type HK curve corresponds to the combination:
39
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
iiogp logplogp logp
type Qtype Ktype H type A
Fig. 11. Various types of multilayer profiles for pa :after . 
Keller and Frischknecht (1966).
Type H : p^>p2<P3 Type A : Pi<P2<P3
Type K : p1<p2>p3 Type Q : Pl>p2>P3
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Fig. 12 . Representative example of apparent resistivity 
interpretation.
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Pi >P2 <P3 >P‘* / etc. A field curve can now be superimposed 
on various master curves until a satisfactory fit is ob­
tained. Each one of the master curves has a "cross" where 
(CiC2 ) / 2  = 1 and pi = 1. One or more "resistivity marks"
refer to the numbered index marks appearing on the verti­
cal axis of the master curve. After the satisfactory fit 
is found/ the coordinates of the master curve "cross" are 
marked on the sheet where the field data are plotted.
These coordinates will yield the true resistivity and the 
thickness of the particular layer. The resistivity marks 
will yield the ratios P2/P1/ P3/P1, etc. Thickness ratios 
are recorded on each of the master curves providing esti­
mations of D2/D1, D3/D2 etc. Further detailed instruc­
tions on the use of the master curves can be found in 
Orellana and Mooney (19 6 6 ).
The master curves published by Orellana and Mooney 
(1966) were used for the interpretation of the resistivity 
results. The results are shown on Table 7. A representa­
tive example of field data interpretation is shown on
Fig. 12.
4.6 Data - Statistics
As with the seismic velocities the BMDP3D computer pro­
gram (Fu and Douglas 1977) was used for the statistical analysis
of the resistivity results. The last column of Table 7 
contains the resistivity values which were used for sta­
tistical analysis. These resistivity values were con-
Url
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
sidered to be the most representative for the correspond­
ing site because they correspond to its thickest section.
The histograms of the electrical resistivity in the three 
groups are shown on Fig. 13. The results of the statis­
tical analyses are shown on Tables 8 and 9. Based on these 
results the following conclusions can be drawn:
1. The GRAVEL group of samples shows the highest mean 
electrical resistivity but it also has the highest standard 
deviation.
2. There are quite large differences between the mean 
electrical resistivities of the GRAVEL, SAND and CLAY groups.
3. The t-statistic for the GRAVEL-SAND pair is 3.72.
For 14.4 degrees of freedom, the corresponding significance
level is 0.002 or 0.2%. Therefore the hypothesis that the 
electrical resistivities of the GRAVEL and SAND groups are 
the same is rejected at the 99.8% confidence level. Thus 
the electrical resistivities of the GRAVEL group are sta­
tistically different than those of the SAND group.
4. The t-statistic for the GRAVEL-CLAY pair is 4.24.
For 14 degrees of freedom, the corresponding significance 
level is 0.001 or 0.1%. Therefore these two groups are 
also statistically different at the 99.9% confidence level. 
Thus the electrical resistivities of the GRAVEL group are 
statistically different than those of the CLAY group.
5. The t-statistic for the SAND-CLAY pair is 4.3.
For 16.1 degrees of freedom, the corresponding signifi-
h z
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Fig. 13. Frequency distribution of the electrical resistivities 
in the three groups GRAVEL, SAND and CLAY
cance level is 0.001 or 0.1%. As with the other pairs of 
groups, the electrical resistivities of the SAND group 
are statistically different than those of the CLAY group 
at the 99.9% confidence level.
6 . The F-statistic gives similar results to those 
of the T-test i.e. the variances of the three groups are 
significantly different at the 1 0 0 % confidence level when 
examined in pairs.
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Site_ PI hl P2 h2 p3 h3 P4 P
1 65.5 .13 655.3 655.32 823.0 .12 1234.4
5486.4
1234.4
3 1219.2 .12 1828.8 .25 877.8 1.13 5486.4
4 381.0 .04 7620.0 .12 2118.4 1.13 8473.4 8473-4 h-3
5 1127.8 .18 5638.8 .35 2819.4 2819.46 2255.5 .07 4511.0 4511.0 W
?fS 951.0 .13 3328.4 3328.48 195.1 .06 243.8 243.8 >
9 21.0 .05 841.2 :841.210 155.4 .06 31.1
1645.9
.06 777.2 777.2 <11 411.5 .23 1646.9
12 249.9 .08 374.9 .41 50.0 374.9
CG
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27 310.9 .19 777.2 • 56 124.4 124.0 in28 67.1 .43 26.8 26.8
29 214.9 .09 139.6 .18 43.0 43.030 27.4 ' .08 548.6
356.6
548.6
31^>y _ 548 • 6 0O8 2743.2 • 38 356.6-32 85.3 .08 298.7 298.733 1.8 .06 6.4 6.434 6.9 .08 17.4 17.4
35 7.9 .06 27.7
.24
27.736 11.6 .05 17.4 28.9 28.9
37 32.0 .05 6.4 .10 32.0 32.038 29.6 .05 5.9 .10 29.6 29.6
6.4 .09 22.4 22.440
is
6.5 .05 16.4 .77 6 5.5 65.511.6 .06 40.5 40.5 <
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115.8 .03 173.7 .10 6.4 .21 25.6 25.6
12.5 .04 29.1 29.1 r—1
8.5 .08 85 »3 .13 17.1 l ? o l O10.7 .10 37.2 37.2
9.0 .14 31.5 31.5
8.2 .06 28.8 28.8
48
49
6.1 .07 30.5 30.5
8.0 .15 32.1 32.150 5.3 .06 26.7 26.7
^3-ble 7. Summary of "the interpreted resistivity data. P5. and hj_ 
ar'e ^ e  resistivity (ohm-m) and thickness (m) of the ith layer,
where i=i, 2 . . .  n .  45
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Resistivity in ohm-m
GRAVEL SAND CLAY
KEAN 2511.7 318.1 29.3
STANDARD DEVIATION 2270.1 276.7 11.9
STANDARD ERROR 585-1 67.I 2.8
MAXIMUM 8^-73.^ 975.^ 65.5
m i n i k u k 2^3.8 26.8 6.U-
Table 8 . Lean and deviation statistics for the resistivities 
of the GRAVEL, SAND and CLAY groups.
GRAVEL vs SAND GRAVEL vs CLAY SAND vs CLAY
T 3.72 *K2^ *K30
P 0.002 0.001 0.001
D.P. ik .h- 1^.0 16.1
P. 67.29 538.11
P 0.000 0.0 0.000
D.P. lA , 16 17 , 1^ 16 ,17
Table 9 . Group correlation statistics for resistivity. 
Abbreviations as in Table 6 •
, value not computed - out of range.
k-6
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CHAPTER V
INTEGRATED ANALYSIS
5.1 Introduction
The search for useful statistical relationships be­
tween the seismic velocities, the resistivities and the 
grain size of the samples was done using the BMDP6 D com­
puter program (Chasen, 1977). It displays one variable 
against another variable in a scatter plot. The variables 
are seismic velocity (V) , resistivity (p), log V, log P,
"% gravel", "% sand" and "% clay".
Each site was first considered as belonging to one
population. Thus the relationships between the measured 
quantities can be seen and group distinctions can be made 
°n the same plot. Separate plots were also drawn for each
group separately. A total of 44 plots were thus drawn by
computer and the most important ones are presented here. 
The remaining plots can be found in Appendix V.
5.2.1 Integration of Seismic Velocity and Grain 
Size Data
It was shown in Chapter 3.3 that there is a signifi­
cant difference between the velocities of the GRAVEL-SAND 
groups and SAND-CLAY groups. No significant difference 
exists between the velocities of the GRAVEL-CLAY groups. 
These data mean that a single seismic velocity value, 
measured on top on an unknown sediment cannot determine 
the sediment grain size.
^7
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Fig. 14 shows graphically that no distinction can be 
made between the three groups based on the seismic velo­
city. It is a plot of velocities against the percentage 
of sand. The percentage of sand was chosen so that all 
the samples could be represented on the same graph. The 
two regression lines are:
(1) % Sand = 0.025V + 40.99
-
(2) V = 3.95 (% Sand) + 266.4 
with correlation coefficient c = .313.
Thus it becomes clear that: 1) very poor correla­
tion exists between the % Sand and the velocity, and 
2 ) there is so much overlap of the velocities of the 
three groups that it is impossible to differentiate be­
tween them using only the seismic velocity. The same 
picture is obtained when the % Sand is plotted against 
log V (Fig. 15).
When the GRAVEL and SAND groups are compared and the 
seismic velocities are plotted against % Gravel (Fig. 16), 
a conclusion of limited value can be drawn, namely, that 
it is probable that if the seismic velocity measured over 
a sand and gravel deposit is greater than 560m/sec then 
the % gravel is less than 30%.
No relationship exists within the CLAY group between 
the percentage of clay and the seismic velocities (Fig. 17). 
The correlation coefficient is very low: c = -.088. This
suggests that seismic velocities in clays are not controlled
k-8
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by the percentage of contained clay.
5.2.ii Discussion of the Results
Locating near surface sand and gravel deposits with 
seismic methods is basically a small-scale investigation 
Therefore "the difference between the theoretical assump 
tions on which the method is based and the actual physi­
cal conditions of the field experiments may become so 
Pronounced, that unreliable and meaningless results are 
obtained" (Burke, 1967). Such conditions include:
1 ) the inhomogeneity of the drift especially for its 
section close to the surface, and 2 ) the degree of con­
solidation of the drift. These problems, together with 
the difficulty of generating simple seismic body waves, 
can lead to significant errors in a small scale investi­
gation, thereby restricting the use of seismic prospect­
ing for sand and gravel. This study illustrates this 
problem. It is apparent that a representative seismic 
velocity cannot be assigned a specific type of drift. 
Unfortunately a significant overlap of seismic veloci­
ties exists between the clays and the sand and gravels 
of Essex County. The overlap is more pronounced in the 
case of the CLAY and GRAVEL groups.
Thus it .is concluded that the seismic refraction 
Method will not differentiate the overlying CLAY from 
the underlying SAND and GRAVEL deposits and, conse­
quently, the depth to the interface cannot be estimated.
52
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This conclusion agrees with results from other similar 
small-scale, investigations especially when the thicknesses 
of the first layer is less than about 3m (10 ft.), and with 
what Burke,’ (1967), wrote: "it is usually impossible to
predict, or impracticable to measure variations in thick­
ness of this order". It should be mentioned that his con­
clusion was referring to an even more favourable situation 
where the velocity of the first layer was 300m/sec and the 
velocity of the second layer was 1525m/sec.
5.3.i Integration of Electrical Resistivity and Grain 
Size Data
Pig. 18 is a "% gravel" against log p plot. Thus 
the GRAVEL and SAND group samples can be compared on a 
single plot. The first degree regression equation has 
the form:
"% gravel" = 25.91ogp- 38.2
The correlation coefficient of c = 0.642 is the highest 
among all the various equations. Second- and third-degree 
polynomials were also calculated to obtain a better ap­
proximation. Their graphical solutions are shown on 
pig. 19. Because of the dispersion of the data none of 
the three equations can predict accurately the "% gravel" 
when the resistivity is given. The important conclusion 
of the above plot though is that if the resistivity is 
greater than 1 0 0 0  ohm-m then the "% gravel" is more 
than 50%.
53
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When all the groups are compared together, the "% sand 
is the only common parameter. Thus, the relationship be­
tween "% sand" and resistivity can be shown on a single 
plot, for all the samples. This is done on Fig. 20 which 
is a "% sand" versus log p plot. It is by far the best 
plot for showing the resistivity differences between the 
three groups. The CLAY group has generally lower resisti­
vities than the other two groups. The overlap with two 
samples from the SAND group cannot be considered signifi­
cant. It is attributed to moist samples.
Using this plot resistivity intervals can be estab­
lished into which different materials are expected to fall- 
This is shown on Fig. 21 and it is 'summarized in Table 10.
5.3.ii Discussion of the results
It has been found that the resistivities of clays are 
lower than those of sand and gravel. Two factors must 
explain the difference in conductivity between these se­
diments: 1 ) the presence and salinity of water, and
2 ) the high content of quartz in sand and gravel.
Clay, sand and gravel are all porous. However, the 
porosity of clay is higher than that of sand and gravel. 
Therefore there are more ions in the pore fluids of clay 
than of sand and gravel. In addition to that,' clays 
saturated with water will be surrounded by a film of par­
tially mobile ions which will migrate under a potential
57
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SAND
CLAY SAND +
— r- - --- - ■ , * 1 * 1
GRAVEL 
'1» 1 “ 11
GRAVEL
0.6 0.9
1.65 2.35
log p
i ......... - i
3-03
' * I"
3.6
Fig. 2 1 .Log p intervals for the GRAVEL, SAND and 
CLAY groups.
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Sediment
5able 1 0
is: CLAY if log p <1.65 (or, if p <44.5)
SAND if 1.65 log p <2.35 (or 45<p <224)
SAND or GRAVEL if 2.35 <log p <3.0
or if 224<p <1000)
GRAVEL if log p >3.0 (or, if p >1000)
Log p values for GRAVEL, SAND and CLAY
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gradient. This happens because "clay minerals such as 
kaolinite, hallpysite, montmorillonite and others have the 
property of sorbing certain anions and cations and retain­
ing these in an exchangeable state. The common exchange­
able ions adsorbed on clay are Ca, Mg, H, K, and N H 3 in 
order of decreasing abundance" (Keller and Frischnecht, 
1966). These ions will make easier the passing of current 
in clay which consequently becomes more conductive than 
sand and gravel.
The high content of quartz also affects the conducti­
vity of sand and gravel. Quartz has high resistivity. Un­
like sand and gravel, clay does not have this mineral in 
abundance. This, in turn, increases the conductivity of 
clay while it decreases the conductivity of sand and 
gravel. Thus the resistivity of clay will be much lower 
than that of sand and gravel.
5.4 Integration of Electrical Resistivity and
Seismic Data
The investigation of possible relationships between 
the electrical resistivity and seismic velocity of GRAVEL, 
SAND and CLAY was done by means of various plots for each 
group separately and for all sites combined.
The most useful plot for comparing these two vari­
ables is the log V - log p plot shown on Fig. 22. Although 
there is some overlap between the GRAVEL and SAND groups, 
the CLAY group can be separated. Boundary limits are shown
6 1
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Comparing Fig. 21 and Fig. 23 it becomes apparent that 
the combination of both the electrical resistivity and 
seismic velocity methods does not improve on the informa­
tion already derived from the electrical resistivity me­
thod alone.
6 *}.
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i
CHAPTER VI 
CONCLUSIONS
The investigation of the seismic velocities and elec­
trical resistivities of GRAVEL, SAND and CLAY in Essex 
County show that for wide range of physical conditions:
1. The mean seismic velocity of GRAVEL is not signi­
ficantly different from that of CLAY. The mean seismic 
velocity of SAND is significantly different from those of 
GRAVEL and CLAY at the 93.5 and 94.9 confidence level of 
significance respectively.
2. The large dispersion of the seismic velocities 
in the three sediments suggests that the seismic refrac­
tion survey will not effectively detect the gravel and/or 
sand underneath clay. Thus both the seismic refraction and 
reflection method would be ineffective in the geophysical 
exploration for gravel and sand deposits in Essex County.
3. The mean electrical resistivities of GRAVEL,
SAND and CLAY are statistically different: GRAVEL from
SAND at the 99.8% confidence level; GRAVEL from CLAY at 
the 9 9.9% confidence level; SAND from CLAY at the 99.9% 
confidence level.
4. The dispersion of the electrical resistivities 
of GRAVEL, SAND and CLAY is relatively small. The large 
contrast in the mean resistivity values of 2511, 318 and 
29 ohm-m respectively suggest that the electrical resis-
65
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tivity survey method would be an effective geophysical 
exploration tool in the search for gravel and sand de­
posits in Essex County.
5. Finally it is apparent that in a combined elec 
trical and seismic survey offers no advantage in the ex 
ploration for gravel and sand deposits over running an 
electrical survey only.
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APPENDIX I
GRAIN SIZE ANALYSIS 
Table s-Graphs
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Figure
# Sites plotted
24.1
24.2
24.3
24.4
24.5
24.6
1 , 2 , 8 , 10, 12 
3, 4, 5, 6, 7 
9, 11, 13. 14, 15
16, 18, 19, 22, 23, 26
17, 24, 25, 28, 31
20, 21, 27, 29, 30, 32
Table 14 . Grain size plots 
included in Appendix I .
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Figure
#
Seismic record 
of site
25. 1 1
25. 2 7
25. 3 8
25. *4- 9
25. 5 10
2 5. 6 11
25. 7 12
25. 8 13
25. 9 1*1-
25.10 15
25.ll 16
25.12 17
25.13 18
2 5.1*1- 22
2 5.15 28
25.16 29
2 5.17 30
2 5.18 31
25 .19 33
25 .20 *4-*4-
25 .21 *1-5
25.22 *1-6
25.23 *4-7
25.2*4- *1-8
Table 16 . Seismic records included in Appendix
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APPENDIX III 
APPARENT RESISTIVITY RESULTS 
Table s-Graphs
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A._ GRAVEL.
Site #V a 1.524 .914 .762 .609 .457 .304 .152
I 100 100 100 100 100 100 100
1 V 46oo 5900 6700 6950 7400 9100 9800
Pa 440.5 339-0 320.8 266.2 212.6 174.5 93.8
I 30 30 30 20 24 20 20
2 V 3950 6200 7350 63OO 9600 L0800 18500
pa 1260.8 1187.4 11730 1206.5 1149.1 1034.1 885.7
I 20 20 20 20 20 20 22
3 V 4600 7400 7860 114 55 14480 20200 35440
pa 2202.4 2152.8 2090.6 2193.£ 2079.8 193^.: 15^2.5
I 12 8 20 30 30 30 20
4 V 2750 2550 7500 12570 18590 31170 26130
p a 2194.4 1831.3 1795.^ 1604.s 1780.1 1989.£
1251.1
I 30 20 20 20 24 26 26
5 V 10500 11200 13055 15815 20900 26500 37945
_____ pa 3351-5 3217.4 3125.2 3028.7 2501.6 1951.S 1397.5
I 14 14 10 10 10 10 10
6 V 6650 11100 9420 11140 14485 20600 32090
Pa 4548.4 4555.2 4510.1 4266.9 4161.1 3945.1 3072.8
I 20 26 20 30 26 30 36
7 V 6200 11700 IO650 19100 19075 28475 47990
________
p«a 2968.6 2585.^ 2549.5 2438.6 2107.5 1817.E 1276.5
y. ^
0 Y?  ^ Calculated apparent resistivity (P , ohm-m) for 5 0  
VoX-fcS ln iissex County. I and V'are the measured current (mA) and 
Th' aSe f°r corresP onding electrode separation (m) .
ls table continues up to page 121.
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Site #\ a 1 .524- .914- .762 .609 .4-57 .304- .152
I 100 100 90 80 100 80 38
8 V 2590 4-100 4-4-00 4-850 84-00 9500 8600
Pa 24-8.0 235.5 234-. 1 232.2 24-1.3 227.4- 216.7
I 100 80 80 100 100 100 100
9 V 4-800 4-800 4-900 65OO 7160 7950 8050
Pa 4-59.6 34-4-. 7 293.2 24-9.0 205.7 152.2 77.1
I 100 100 100 100 100 100 70
10 V 4-800 5900 6300 6600 7100 8100 7000
Pa 4-59.6 373.4- 301.6 252.8 213.1 155*1 95.8
I 4-0 30 4-0 32 32 50 50
U V 54-00 6000 8700 74-00 8800 15500 23790
pa 1292.7 114-9.1 104-1.3 885.7 790.0 593.7 4-55.6
I 20 16 16 18 18 20 20
12 V 1670 4-550 6955 11150 17360 32300 59500
Pa 799*5 1633.* 2081.2 23726 2770.5 3092.9 284-8.7
Site 13, i£j.t 15 are on page 121.
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B. SAND. (Sites 18 and 22 are on page 121).
Site #\ a 1.524- .914- .762 .6 0 9 .4-57 .304- .152
I 100 100 100 100 100 100 100
16 V 2050 4-650 5500 7250 9150 12500 164-50
Pa 196.3 267.1 263.3 277.7 262.8 239.4- 157.5
I 6° 60 60 60 60 4-0 4-0
17 V 990 2350 3700 5300 8200 8300 12800
pa 158.0 225.0 295.2, 338.3
392.6 397.4- 306.4-
I 100 60 60 50 4-0 4-0 4-0
19 V 10350 8770 9350 9600 10000 13800 26100
pa 991.0 839.8 74-6.1 735.4- 718.2 660.7
624-. 8
I 100 100 100 100 100 90 60
20 V 5050 64-00 7100 7850 9000 9810 9700
pa 4-26.9 367.7 339.9 300.7 258.5 208.7
15^.8
I 100 100 100 100 100 90 50
21 V 4-900 6200 6800 74-00 8820 9600 8300
pa 399.4- 356.2 325.5 283.2 253.4- 204-.3 158.9
I 100 100 100 100 100 100 100
23 V 4-000 4-4-10 4-64-0 5000 5600 6320 7600
pa 383.0 253.4- 222.1 191.5 160.9 121.0 1^5.5
I 20 24- 30 24- 30 30 4-0
2*}- V 1600 4-250 6200 5500 74-72 8262 13362
pa 766.1 1017.4 989-5
877.8 715.5 527.4- 319.9
I 70 80 100 100 70 50 4-8
25 V 14-00 3350 54-00 7150 7200 7150 9550
-___ pa 191.5 24-0.6 258.5 273-9 295.5 273.9 190.5
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Site #\ a, 1.524 .914 7762 .609 .457 .304~ .152
26
I
V
Pa
100
1300
124.5
100
2550
146.5
100
3300
158.0
100
4200
160.9
100
5950
170.9
90
8400
178.7
50
7850
150.3
27
I
V
pa
80
3000
359.1
90
7200
459.6
90
9250
492.1
70
9000
492.4
50
8400 
483 0 5
40
9000
430.9
4o
14600
347.8
28
I
V
pa
100
370
35.4
100
710
40.8
100
910
43.6
100
1350
51.7
100
2050
58.9
100
3200
61.3
100
7000
67.0
29
I
V
pa
100
930
89.1
100 
1650 
94 08
100
2050
98.1
100
2900
111.1
100
4000
114.9
90
6300
134.0
60
11300
180,3
30
I
V
pa
100
3600
344.7
100
4600
264.3
100
4950
237.0
100
5400
206.8
100
6000
172.4
100
6400
122.6
100
7150
68.5
31
I
V
pa
24
2500
997.4
30
7200
1378.9
30
9300
1484.2
30
12500
1595.9
30
17000
1627£
30
24000
1532.1
30
33900
1082.0
32
I
V
pa
100
3075
294.4
100
4800
275.8
100
5600
268.1
100
6650
254.7
100
8300
238.4
100
11200
214.5
100
15600
143.4
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c.  CLAY.
Site #\ a 1 .524 .914 <,762 .609 .457 .304 .152
33
i
V
Pa
100
65
6.2
100
110
6.3
100
120
5.7
100
145
5.5
100
180
5.2
100
250
4.8
100
360
3.4
I 90 90 90 90 80 80 70
34 V I65 270 320 375 460 650 950
Pa 17.5 17.2 17. O'. 16.0 14.7
13*8 10.1
I 100 100 100 100 100 100 100
35 V 280 450 535 675 795 1050 1700
p a 26 ..8 25.8 25.6 25.8 22.8 20.1
16.3
I 100 100 100 100 100 100 100
36 V 295 46o 490 615 740 985 1800
Pa 28.3 26.4 23.5 23.6 21.2 18.9 17.2
I 100 100 100 100 100 100 100
3? V 320 490 540 640 740 1500 1900
Pa 30.6 28.1 25.8 24.5 21.2 17.2 18.2
I 100 100 100 100 100 100 100
38 V 260 390 4io 510 560 750 1150
pa 24.9 22.4 19.6 19.5 16.1 14.4 11.0
I 100 100 100 100 100 100 100
39 V 220 360 425 470 600 735 1050
Pa 21.1 20.1 20.3 18.0 17-2 14.1 10.1
I 100 100 100 100 100 100 100
4o V 275 350 380 440 570 750 1200
Pa 26.3 20.1 18.2 16.9 16.4 14.4 11.5
I 100 100 100 100 100 100 100
4l V 435 690 820 955 1200 1650 2400
p a 41.6 39.6 39.3 36.6 34.5 31.6 22.4
I 100 100 100 100 100 100 100
^2 V 220 330 490 815 1950 4200 13580
— pa 21.1 18.9 23.4 31.2 56.0 80.4 130.0
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Figure
,r Sites plotted
2 6 .1 . 1 , 9, 26, 28 , 30, ^7, M-9
26 .2 . 2 , 3, 5 , 6 , 12, 2^, 32
26.3 . 7, 11, 19, 21, 23, 27, 31
2 6 .i}-. 8 , 25. 29, 33, 36, 38, 50
26.5. 10, 20, 35, 39, ^3,
26.6 . 13, 1^, 15, 18, 22
26.7 . 16. 1 7 . JW-, *1-8
26.8 . 3^i 37, 4-0 , zn, ^2, ^5, i|-6
Table 18 . Apparent resistivity 
plots included in Appendix III.
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APPENDIX IV 
DERIVATION OF THE EQUATION (^.3*2)
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Derivation of equation (^»3«2).
Fig. 27 shows a point source of current of X amperes flov/ing 
into the ground. Let the resistivity of the ground be'p. A 
potential electrode is placed at distance (a. It is now required 
to determine the potential at P due to the current I.
I* "  “
Fig. 2 7 . Current lines from a point source of current I.
Since the medium is isotropic the current flow outward 
from C must be the same in all directions into the earth.No 
current flows upwards because the resistivity of the air is 
infinite. Thus the current lines are uniformly spaced radial 
lines, and the equipotential surfaces are concentric hemisphere 
with their centres at C.Considering two of these equipotential 
surfaces, one of radius r and one of infinitesimally greater 
radius dr, then all the current I must flow outward through 
"the half-shell bounded by these two equipotential surfaces.
This half-shell isvery thin. Therefore we may apply Ohm's law
132
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for linear conductors, assuming the flow of currnt to be 
linear. Thus the potential drop dV from the inner surface 
to the outer.one of this half-shell is:
dV =l(p .dr/27rr2 ) (IV.1)
where dr is the length and 2 r2 the mean cross-sectional 
area of this linear conductor. The potential at P can now 
be calculated by integrating eqn. (IV.l) from a to infinity
v ./Tv - = -22-
-/cl 2tt J  a r 2 2ira
133
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APPENDIX V 
INTEGRATED ANALYSIS 
Graphs
. 13^
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INTEGRATED ANALYSES 
Figure 26.
A, B and C designate the GRAVEL, SAND and CLAY groups.
Figure
#
Variables plotted 
X vs Y
Group(s) 
examined
28.1 . log p log V A
28.2 . fo Gravel log V A
28.3 . fa Sand log V A
28.ip. fa Gravel log p A
28.5 . % Sand log p A
28.6. Resistivity Velocity A
28.7. fa Gravel Velocity A
28 .8 . fo Sand Velocity A
28.9. fa Gravel Resistivity A
28.10. fa Sand Resistivity A
28.11. log p 1 log V B
28.12. fa Gravel log V B
28.13* fa Sand log V B
28. l'j-. fa Gravel log p B
28.15. fa Sand log p B
28.16. Resistivity Velocity B
28 .17. fa Gravel Velocity B
28.18. fa Sand Velocity 3
28.19. fa Gravel Resistivity B
28.20. f> Sand Resistivity B
28.21. fo Gravel Resistivity A+3
28.22. Resistivity Velocity A+B
28.23. fo Clay Resistivity C
28.Z h. log P log V C
28.25. fa Sand log V C
28.26. ’ fa Sand log p C
28.27. fa Clay log V C
28 .28. fa Clay log p. C
28.29. Resistivity Velocity C
28.30. f  Sand Velocity c
28.31 • fo Clay Velocity C
28.32. fa Sand Resistivity c
Table 19 . Plots included in Appendix V . X and Y 
designate the two Cartesian axes.
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APPENDIX VI 
INSTRUMENTS USED 
FS-3 Seismograph 
R--50 Resistivity unit
I
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Fig. 29b. R-50 Stratameter Resitivity uni-t.
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